Background: Bisphenol A (BPA) is an endocrine disruptor and also a suggested obesogen and metabolism-disrupting chemical. Accumulating data indicates that the fatty acid (FA) profile and their ratios in plasma and other metabolic tissues are associated with metabolic disorders. Stearoyl-CoA desaturase 1 (SCD-1) is a key regulator of lipid metabolism and its activity can be estimated by dividing the FA product by its precursor measured in blood or other tissues. Objective: The primary aim of this study was to investigate the effect of low-dose developmental BPA exposure on tissue-specific FA composition including estimated SCD-1 activity, studied in 5-and 52-week (wk)-old Fischer 344 (F344) rat offspring. Methods: Pregnant F344 rats were exposed to BPA via their drinking water corresponding to 0: [CTRL], 0.5: [BPA0.5], or 50 µg/kg BW/day: [BPA50], from gestational day 3.5 until postnatal day 22. Results: BPA0.5 increased SCD-16 (estimated as the 16:1n-7/16:0 ratio) and SCD-18 (estimated as the 18:1n-9/ 18:0 ratio) indices in inguinal white adipose tissue triglycerides (iWAT-TG) and in plasma cholesterol esters (PL-CE), respectively, in 5-wk-old male offspring. In addition, BPA0.5 altered the FA composition in male offspring, e.g. by decreasing levels of the essential polyunsaturated FA linoleic acid (18:2n-6) in iWAT-and liver-TG. No differences were observed regarding the studied FAs in 52-wk-old offspring, although a slightly increased BW was observed in 52-wk-old female offspring. Conclusions: Low-dose developmental BPA exposure increased SCD-16 in iWAT-TG and SCD-18 in PL-CE of male offspring, which may reflect higher SCD-1 activity in these tissues. Altered desaturation activity and signs of altered FA composition are novel findings that may indicate insulin resistance in the rat offspring. These aforementioned results, together with the observed increased BW, adds to previously published data demonstrating that BPA can act as a metabolism disrupting chemical.
Introduction
Bisphenol A (BPA) is a ubiquitous chemical mainly used as a monomer in the production of polycarbonate plastics and epoxy resins, but also as an additive in other plastics. BPA is present in numerous products used in our everyday life, resulting in long-term exposure of low levels of BPA in large populations. This exposure occur primarily through leaching of BPA from food and beverage containers, but also from other sources such as thermal papers and dental sealants (Vandenberg et al., 2007; Welshons et al., 2006) . Notably, BPA is a major endocrine disruptor and a suggested obesogenic and metabolismdisrupting chemical (Heindel et al., 2017; Grun and Blumberg, 2009 ). In humans, BPA has been detected in maternal serum, amniotic fluid and cord blood taken at birth, as well as in placental tissues (Ikezuki et al., 2002; Zhang et al., 2013; Schönfelder et al., 2002) . The detection of BPA in embryonic fluids and tissues is of particular concern for human exposure since the developmental period is particularly sensitive to environmental stressors such as endocrine disrupting chemicals (EDCs).
Mounting epidemiological studies have reported a link between urinary levels of BPA and metabolic disorders, including type-2-diabetes (T2D), cardiovascular disease (CVD), dyslipidemia, obesity, and metabolic syndrome (MetS) (as reviewed in (Rochester et al., 2013) ). Numerous experimental studies have consistently reported various disturbances on multiple metabolic outcomes following low-dose BPAexposure, e.g. augmented glucose-stimulated insulin secretion (AlonsoMagdalena et al., 2006) , increased liver fat (Ronn et al., 2013) and elevated serum triglyceride and cholesterol levels in rodents (Moghaddam et al., 2015) . In addition, developmental exposure to BPA has been shown to mimic the effects of a high-fat diet by impairing glucose metabolism and altering gene expression in male mice (García-Arevalo et al., 2014) . In vivo, BPA-exposure has for example been shown to enhance adipogenic differentiation in human adipose stem cells (Gao et al., 2016; Ohlstein et al., 2014) .
Accumulating data indicates that the fatty acid (FA) profile and their ratios in plasma and other metabolic tissues are associated with metabolic disorders, such as obesity and insulin resistance in humans and experimental animals (Alsharari et al., 2017a (Alsharari et al., , 2017b Sjogren et al., 2008; Cedernaes et al., 2013a Cedernaes et al., , 2013b , and further T2D (Riserus et al., 2009) and MetS in humans (Warensjo et al., 2005) . Especially when saturated fatty acids (SFA) replace polyunsaturated fatty acids (PUFAs) such as linoleic acid (18:2n-6), there is increased CVD risk as well as increases in liver and visceral fat, blood lipids, and incidence of MetS (Schwab et al., 2014; Rosqvist et al., 2014) . The FA composition is, besides the diet, also influenced by desaturating enzymes. The activity of these enzymes can be estimated by dividing the FA product by its precursor measured in blood or other tissues (Peter et al., 2009) . Stearoyl-CoA desaturase 1 ((SCD-1) 16:1n-7/16:0; SCD-16 and 18:1n-9/ 18:0; SCD-18), Δ-5-desaturase (D5D; 20:4n6/20:3n-6) and Δ-6-desaturase (D6D; 18:3n-6/18:2n-6) are, together with elongases, the main enzymes responsible for endogenous synthesis of monounsaturated FAs and PUFAs. Positive correlations have been reported for SCD-1, D6D and metabolic disorders, whereas D5D has been demonstrated to be inversely related (Warensjö et al., 2009; Bjermo and Riserus, 2010) .
The possible implications of BPA in the development of obesity-related metabolic disorders have gained much attention in recent years (Heindel et al., 2017 (Heindel et al., , 2015 . However, studies investigating effects on FA composition following developmental BPA exposure are scarce and virtually limited to investigation of the total amount of free FAs (FFAs) (García-Arevalo et al., 2014; Strakovsky et al., 2015; Veiga-Lopez et al., 2015; Jiang et al., 2014) . One study has included the 18:1n-9/18:0 ratio and observed an elevation in the liver of BPA-exposed mice. However, the 18:1n-9/18:0 ratio was not used as an index of SCD-1 activity in that particular study (Marmugi et al., 2012) .
Recently, we reported that a low, environmentally relevant dose (0.5 µg/kg BW/day) of BPA, 8 times lower than the current preliminary European Food Safety Authority's (EFSA's) tolerable daily intake (TDI), elevated plasma triglycerides, increased adipocyte density and disturbed transcriptional levels of adipogenic genes in developmentally exposed 5-wk-old Fischer 344 (F344) rat offspring (Lejonklou et al., 2017) . Given the important role of SCD-1 in lipid metabolism and metabolic disease, the primary aim of this present study was to study if BPA alters the SCD-16 and SCD-18 FA ratios, which are estimates of SCD-1 activity, in 5-and 52-wk-old F344 rat offspring. The secondary aim was exploratory, i.e. to examine if BPA exposure alters overall FA composition, de novo lipogenesis ((DNL) Lipogenic index; 16:0/18:2n-6), D5D and D6D in these animals.
Materials and methods
Part of the data from a subset of these animals have previously been analyzed and published (Lejonklou et al., 2017) https://ehp.niehs.nih. gov/ehp505/. This report adheres to the Science in Risk Assessment and Policy (SciRAP) criteria for toxicity studies (Molander et al., 2014) . A complete SciRAP guidelines checklist is included in Supplemental Table 1 .
Chemicals
BPA (purity ≥ 99%, CAS no. 80-05-7) (Sigma Aldrich) was dissolved in ethanol (1% of final solution) and diluted with well-flushed tap water to defined concentrations. Water containing 1% ethanol (vehicle) was given to control dams. BPA concentrations were analyzed and verified at the Division of Occupational and Environmental Medicine in Lund, Sweden, using the modified method described in (Bornehag et al., 2015) . The division in Lund is a reference laboratory chosen for the European biomonitoring project [Consortium to Perform Human Biomonitoring on a European Scale (COPHES); www.eu-hbm. info/democophes].
Animals and housing
A total of 45 time-mated 9-wk-old female F344/DuCrl rats (Charles River) were delivered to our laboratory on gestational day (GD) 3.5. Unfortunately we did not have the opportunity to breed the animals in our facilities. Subsequently we could not control for the pre-pregnancy environment, which is a limitation of the study since there is a risk that this may have led to stress-responses in the animals. The dams were weighed and chip-marked directly upon arrival. The study was performed using seven blocks (separated by 1 wk), and all dose groups were equally distributed among blocks. The dams were randomly distributed into three dosing groups [0 (n = 17), 0.5 (n = 12) or 50 (n = 15) μg BPA/kg BW/d], with dams assigned per group aimed at retrieving 12 offspring per dose and sex. Dams were housed one per cage until postnatal day (PND) 22, and litters were adjusted to six animals per dam at PND4. To mimic the most likely route of human exposure, dams were exposed to BPA via their drinking water ad libitum from GD3.5 until PND22. Consumed water volume was recorded twice a week. Doses aimed for were 0.5 µg/kg BW/day: BPA0.5 and 50 µg/kg BW/day: BPA50. Actual average doses were obtained after calculating the amount of water the animals consumed and were 0.404 µg/kg BW/ day and 40.1 µg/kg BW/day between GD3.5 and PND22. The concentration of BPA in the drinking water given to control animals was below limit of detection (0.2 ng/l) (For details see Supplemental Table 2 in (Lejonklou et al., 2017) ).
Rats were kept under standard conditions in enriched polysulphone cages (Euro Standard IV). The polysulphone cages, glass water bottles and wood shelters (instead of polycarbonate) were used to minimize the risk of migration of BPA that potentially could confound the results. Food and water were available ad libitum, and intake was registered per cage. Rats were fed a standard breeding chow, RM3 (NOVA-SCB), until weaning, and a maintenance diet, RM1 (NOVA-SCB), after weaning. As it is important to characterize the phytoestrogen content of the diet, since phytoestrogens might mask the effects of low-dose exposure to EDCs (Stokes, 2004) , the manufacturer specified the diet nutrient content and analyzed the phytoestrogen content of individual batches. The phytoestrogen content were well below the Organization for Economic Co-operation and Development's (OECD) upper limit in all batches (Owens et al., 2003) .
The dams were sacrificed at weaning and their offspring were chipmarked and moved to cages with three rats in each, divided by sex and dose. Pups of the same sex and dosing group all had different mothers. Animals were surveyed on a daily basis. One group of animals (n = 63) were weighed at PND22, PND29, and before sacrifice at 5 wks of age (some results have been previously published (Lejonklou et al., 2017) ). The other group (n = 56) were weighed once a wk for ten wks, and then once every fourth wk until sacrifice at 52 wks of age ( ± 2 wks). The female offspring were sacrificed when in the diestrus cycle stage, determination and classification were conducted as described in (Bekyürek et al., 2002) , with minor modifications. Animals were anesthetized using a cocktail of ketamine (90 mg/kg) and xylazine (10 mg/kg) (intraperitoneal injection), according to the Institutional Animal Care and Use Committee anesthesia guidelines for rats (IACUC, 2014) . Body length was measured, and all animals were sacrificed through aortic exsanguinations. Experiments were carried out during daytime in a dedicated laboratory neighboring the animal facility.
Blood and organ sampling of 5-and 52-wk-old offspring
Blood and organ samples were collected from 50 control rats (25 males, 25 females), 37 BPA0.5 offspring (dams exposed to 0.5 μg BPA/ kg BW/d; 19 males, 18 females) and 32 BPA50 offspring (dams exposed to 50 μg BPA/kg BW/d; 17 males, 15 females).
Blood was collected in EDTA/protease inhibitor-treated tubes, and centrifuged (2500×g; 10 min, 4°C) to prepare plasma. Aliquots were stored at − 20 (cholesterol and triglyceride analyses) or −70°C (all other analyses).
Retroperitoneal white adipose tissue (rWAT) was collected from the dorsal wall of the abdominal cavity, and gonadal WAT (gWAT) from areas surrounding the epididymis, testes and the ovaries. Inguinal WAT (iWAT) was dissected from the area around the pelvis and hind-limb thigh. The conflated interscapular brown and white adipose tissues were separated into interscapular brown (iscpBAT) and white (iscpWAT) adipose tissue. Fat depots and liver were weighed, snap frozen in liquid nitrogen, and stored at −70°C. The liver somatic index (LSI; liver weight/BW × 100) and heart somatic index (HSI; heart weight/BW × 100) were calculated.
Histological analysis of adipose tissue and fat accumulation in liver of 52-wk offspring
All analyses in the present study were executed without knowledge of treatment groups. Frozen sections (8-10 µm thick) from iWAT and liver from 36 animals (6 males and 6 females per dose group) were cut at two levels with a distance of 300 µm, using a cryostat, Leica CM1860 UV (Leica Microsystems) and stained with Oil Red O/hematoxylin. Micrographs were taken at 40 × magnification of four different areas of each section, using a Leica DMST camera. Adipocyte numbers in adipose tissue depots and percentage of fat in the liver were quantified per high power field (HPF) (40 × magnification), using the software Image Processing and Analysis in Java (ImageJ).
Plasma lipid analyses in 52-wk-old offspring
Triglyceride and cholesterol analyses were conducted using an Architect C-8000 analyzer (Abbott Laboratories) at the Central Clinical Chemistry Laboratory, Uppsala University Hospital.
Analysis of fatty acid composition in 5-and 52-wk-old offspring
The selection of FAs and desaturase indices was based on a previous study (Cedernaes et al., 2013a (Cedernaes et al., , 2013b with minor adjustments. In total, 17 different FAs and desaturase indices were analyzed, however, 12 were chosen for this particular study. All FAs and desaturase indices included in the present study are presented in Table 1 . FA composition was measured by gas chromatography (Boberg et al., 1985) , as previously described (Marklund et al., 2015) . In brief, the analysis was conducted using frozen samples (stored at −70°C) that were extracted with chloroform. The dry extracts were dissolved in a few drops of chloroform and then placed on thin liquid chromatography plates for separation of the lipids (this was done for plasma and liver samples only). The lipid esters were trans-methylated, and the methyl esters were extracted. The FA methyl esters were dissolved in hexane and separated by gas-liquid chromatography (GLC). The Hewlett Packard (PaloAlto, CA, USA) GLC system used for the analyses consisted of a gas chromatograph (5890), an automatic sampler (7671A), an integrator (3392A) and a 25-m Quadrex (New Haven, CT, USA) fused silica capillary column (OV-351). The FAs were identified by comparison of the retention times of separation and controlled by Nu Chek Prep (Elysian, MN, USA) GLC reference standard GLC-68A. Individual FAs are presented as the relative percentage of the total amount of FAs analyzed and is thus a relative measure. Potential differences in desaturase activities and biochemically important FAs, between BPA-exposed rat offspring and control animals, were investigated in four lipid fractions and tissues: plasma cholesterol esters (PL-CE), liver triglycerides (liver-TG), inguinal white adipose tissue triglycerides (iWAT-TG) and interscapular brown adipose tissue triglycerides (IscpBAT-TG). 
Adiponectin and leptin analyses in 52-wk-old offspring
Plasma adiponectin and leptin levels were quantified by enzymelinked immunosorbent assays ((ELISAs); Rat Total Adiponectin/Acrp30 Quantikine and Mouse/Rat Leptin Quantikine kit, R&D Systems) at the Centre for Clinical and Medical Research at Uppsala University hospital. Intra-and inter-assay precision for leptin was 5.9% and 4.8%, respectively, and for adiponectin 13.1% and 12.5%.
Statistical analysis
Statistical analyses were conducted using STATISTICA 12 (StatSoft Inc.), with the exception of analyses of weight changes, which were done using R. In the case of data collected for measuring levels of FAs in plasma, one sample (1 control female) is missing due to technical difficulties during analysis. Males and females were analyzed separately based on the fact that BPA is an endocrine disruptor with likely sexspecific effects. The primary aim of this present study was to study if BPA alters the SCD-16 and SCD-18 FA ratios, which are estimates of SCD-1 activity, in 5-and 52-wk-old F344 rat offspring. Further analyses regarding FA composition, DNL, D5D and D6D were considered as secondary exploratory aims.
Histograms with Shapiro-Wilk normality test (SW-W) were conducted to determine whether data was normally distributed. Differences between control and exposed groups were evaluated by one-way analysis of variance (ANOVA) if normally distributed, or Kruskal-Wallis-H (KW-H) test if not. These analyses were followed by post-hoc tests (Dunnett's or Mann Whitney U). Correlation analyses were performed for control animals to investigate correlations between SCD-16 in PL-CE and SCD-16 in liver-TG. A p-value of < 0.05 was considered to be statistically significant. Results are expressed as mean ± SD.
Analyses regarding weight changes were conducted using R version 3.2.3 using the rms, nlme and lattice packages. Generalized least squares (GLS) were used to assess weight changes in relation to the dose and adjusted for initial weight, food consumption and litter size.
Results

Dams
Maternal characteristics and sex ratio of pups
Weight gain and food and water intake of exposed dams were measured to evaluate whether BPA exposure affected maternal physiology. This data has previously been published together with the sex ratio of born pups (Lejonklou et al., 2017) . In brief, dams and sex ratio of pups did not seem to be affected by BPA exposure with regard to the investigated parameters in the present study.
5-wk-old offspring
Basic characteristics of 5-wk-old offspring
Results on basic characteristics of 5-wk-old offspring have been reported previously (Lejonklou et al., 2017) . In brief, plasma triglyceride levels were increased in BPA-exposed 5-wk-old female and male offspring. BPA-exposed animals also exhibited increased adipocyte cell density. Furthermore, the expression of genes involved in lipid and adipocyte homeostasis was significantly different between BPA-exposed animals and controls depending on the tissue, dose, and sex.
Triglycerides, cholesterol, leptin and adiponectin in 5-wk-old offspring
This data has previously been published for 5-wk-old offspring (Lejonklou et al., 2017) . In brief, triglycerides were elevated in plasma of BPA50-exposed female offspring and in BPA0.5-exposed male offspring. No effects were seen for cholesterol, leptin nor adiponectin in these animals.
Effects on SCD-16 and SCD-18 in 5-wk-old offspring
When comparing the FA desaturase indices SCD-16 and SCD-18 of 5-wk-old BPA-exposed rats and control animals, we found a significant difference for SCD-16 in iWAT-TG, with BPA0.5-exposed male offspring having a higher index than control animals (p = 0.005) (Fig. 1A) . In addition, a pattern of increased SCD-16 in PL-CE and liver-TG could also be seen but the differences were not statistically significant ( Fig. 1C and E). No differences could be observed between the groups for SCD-16 in iscpBAT-TG (Fig. 1G) . Further, for SCD-18, BPA0.5-exposed male offspring had a higher index in PL-CE than control animals (p = 0.02) (Fig. 1D ). No differences could be observed between the groups in iWAT-TG, liver-TG nor iscpBAT-TG ( Fig. 1B and F-H ).
Effects on lipogenic index, D5D and D6D in 5-wk-old offspring
Lipogenic index was increased in liver-TG and iWAT-TG of BPA0.5-exposed male offspring when compared with controls (p = 0.02 and p = 0.01, respectively) ( Fig. 2A and B) . Further, in liver-TG, D6D was higher in BPA0.5-exposed male offspring than in controls (p = 0.02) (Fig. 2C ). In the initial ANOVA there was a significant difference for lipogenic index and D5D in PL-CE of female offspring, but the following post-hoc test did not reveal any significant differences between the groups. Results for all the studied indices can be found in Table 2 .
Fatty acid proportions in 5-wk-old offspring
Palmitic acid (16:0) and palmitoleic acid (16:1n-7) were increased in iWAT-TG of BPA0.5-exposed male offspring when compared with controls (p = 0.03 and p = 0.03, respectively) ( Fig. 3A and B) . In addition, in BPA0.5-exposed male offspring the essential FA linoleic acid was lower in iWAT-TG and liver-TG than in control animals (p = 0.009 and p = 0.04, respectively) ( Fig. 3C and D) . No differences were seen regarding FA proportions in female offspring. Results for all the studied FA proportions can be found in Table 2. 3.3. 52-wk-old offspring 3.3.1. Basic characteristics of 52-wk-old offspring A slightly increased BW (+9.1, p = 0.049) was observed in BPA50 female offspring compared with controls, when taking into account the difference in food consumption over time. This was not seen for male offspring; on the contrary, BPA0.5 male offspring seemed to lose weight (-7.0 g, p = 0.13), a change that was not statistically significant however (Table 3 ; Fig. 4 ). No differences between the groups were seen in BW at weaning, or the weight of gWAT, iWAT, rWAT, iscpWAT, iscpBAT, heart, spleen or liver; further no changes were observed for LSI, body length, adipocyte density or liver fat infiltration in female or male offspring of dams exposed to BPA (Table 4) .
Triglycerides, cholesterol, leptin and adiponectin in 52-wk-old offspring
No differences were found regarding plasma triglycerides, cholesterol, leptin or adiponectin in BPA-exposed 52-wk-old rat offspring (Table 4) .
Effects on SCD-16 and SCD-18 in 52-wk-old offspring
When comparing the desaturase indices, SCD-16, SCD-18 of BPAexposed rats and control animals, we found no significant differences in 52-wk-old rat offspring (Supplemental Table 2 ).
Effects on lipogenic index, D5D and D6D in 52-wk-old offspring
When comparing the desaturase indices, D5D, D6D and lipogenic index of BPA-exposed rats and control animals, we found no significant differences in 52-wk-old rat offspring (Supplemental Table 2 ).
Fatty acid proportions in 52-wk-old offspring
In the initial ANOVA there was a significant overall difference in eicosapentaenoic acid (20:5n-3) in PL-CE of male offspring (p = 0.04); there seemed to be a decrease in BPA50-exposed animals but the difference was not significant in the following post-hoc test (p = 0.13). Further, in iWAT-TG of male offspring the initial ANOVA was overall significant for linoleic acid (p = 0.01). Linoleic acid seemed to be lower in the BPA50-exposed animals, but the significant difference from the ANOVA was not significant in the post-hoc test (p = 0.08) Results for all FA proportions can be found in Supplemental Table 2 .
Correlations between SCD-16 and SCD-18 in PL-CE and liver-TG in 5-and 52-wk-old offspring
Given that plasma FA composition may mainly reflect that of the liver-TG, we investigated correlations in control offspring (combining 5-wk and 52-wk-old offspring, n = 50) and confirmed a strong correlation between SCD-16 in PL-CE and SCD-16 in liver-TG (r = 0.77, p < 0.001), but not for SCD-18. The correlation of SCD-16 in PL-CE and SCD-16 in liver-TG for males alone (combining 5-and 52-wk-old offspring, n = 50) was also strong (r = 0.85, p < 0.001, n = 25). For SCD-18, a significant correlation was only seen in 52-wk-old offspring (r = 0.62, p < 0.001, n = 24). See Supplemental Table 3 for all correlation analyses. 
Discussion
During early development there are critical windows of vulnerability where the individual is particularly sensitive to environmental stressors including EDCs, such as BPA. The results presented herein underscore once again the consequences of low-dose developmental exposure to the affirmed endocrine disruptor BPA. In the present study we demonstrate that low-dose (0.5 µg BPA/kg BW/day) developmental exposure to BPA induce changes in FA metabolism, e.g. by elevating indices of SCD-1 activity and DNL and altering FA composition in 5-wkold male F344 rat offspring. Overall, such FA pattern changes have been consistently linked to insulin resistance and cardiometabolic disease (Bjermo and Riserus, 2010; Cedernaes et al., 2013a Cedernaes et al., , 2013b Ntambi et al., 2002; Warensjo et al., 2006) . In addition, a higher dose (50 µg BPA/kg BW/day) resulted in a slightly increased BW in 52-week-old female offspring.
The higher SCD-16 in iWAT-TG and SCD-18 in PL-CE of BPA-exposed male offspring observed in the present study possibly reflect higher SCD-1 activity. SCD is a central lipogenic enzyme catalyzing the synthesis of monounsaturated FAs (MUFAs) from SFAs, mainly oleic acid (18:1n-9) and palmitoleic acid. Mice with SCD-1 deficiency have reduced body adiposity and increased insulin sensitivity and are resistant to diet-induced weight gain (Ntambi et al., 2002) , which clearly emphasizes the role of SCD-1 in metabolism. At the same time, high SCD-1 activity has been associated with decreased fat oxidation and increased FA synthesis and therefore implicated in metabolic disorders, such as obesity and insulin resistance, and eventually higher risk of developing diabetes (Warensjö et al., 2009; Bjermo and Riserus, 2010) .
We have previously reported decreased relative mRNA expression of SCD-1 in iWAT of 5-wk-old male offspring. This is contradictory to the results of the present study, showing increased SCD-1 indices. However, few have succeeded in finding strong correlations between mRNA and protein expression levels in experimental animal studies. This can be due to, for example, the many complex and diverse post-transcriptional mechanisms involved in turning mRNA into protein (Greenbaum et al., 2003) . Others have reported increased SCD-1 mRNA expression in liver (Marmugi et al., 2012; Ke et al., 2016) and parametrial white adipose tissue (Somm et al., 2009 ) of BPA-exposed rats.
Rats with an obesity-prone phenotype given a high-fat diet have higher SCD-16 in subcutaneous adipose tissue (SAT) compared with rats with an obesity resistant phenotype. These rats also have higher proportion of the SCD-16 product palmitoleic acid in SAT, which is in concordance with the present study, where we observed increased palmitoleic acid in iWAT-TG of BPA-exposed male rat offspring. In this regard, it seems that BPA has a similar effect on palmitoleic acid as a high-fat diet in obesity-prone rats. Palmitoleic acid has been identified as an adipokine and a major signaling lipid hormone that controls several metabolic activities in liver and muscle tissues (Cao et al., 2008) . In addition, high palmitoleic acid levels in plasma, possibly mostly reflecting liver levels (as also supported by our correlation analyses in control animals, see Supplemental Table 3 ), have consistently been associated with increased risk of obesity, dyslipidemia, insulin resistance and by extension increased risk of diabetes in humans (Warensjo et al., 2006; Paillard et al., 2008; Mozaffarian et al., 2010; Vessby et al., 1994) .
In addition to the increased palmitoleic acid levels in the present study, we also found that BPA exposure increased the levels of palmitic acid in iWAT of male rat offspring. In humans, palmitic acid is either converted to palmitoleic acid by SCD-1, elongated to stearic acid (18:0) or stored as palmitic acid in tissues (Bjermo and Riserus, 2010) . Increase in saturated FAs, such as palmitic acid, can in turn promote de novo ceramide synthesis, which causes accumulation of ceramides in insulin-sensitive tissues (Larsen and Tennagels, 2014) . Several in vitro studies have demonstrated that high ceramide levels impair functional insulin signaling, by an antagonistic mechanism (Park et al., 2016; Summers, 2006) . In addition, ceramides have been shown to be toxic to a variety of different cell types, including pancreatic β-cells (Mozaffarian et al., 2010; Shimabukuro et al., 1998; Maedler et al., 2003) . A link between ceramides and insulin signaling has further been corroborated from clinical data showing that circulating ceramides correlate with systemic insulin resistance, inflammation and T2D (Haus et al., 2009; de Mello et al., 2009 ).
Obese subjects have been shown to have low proportions of the essential polyunsaturated FA linoleic acid (Warensjo et al., 2006) . In addition, intervention studies indicate that linoleic acid-rich diets may decrease ectopic fat as well as subcutaneous adipose tissue and improve insulin sensitivity, which may protect against developing T2D (Riserus et al., 2009; Rosqvist et al., 2014 Rosqvist et al., , 2017 Summers et al., 2002) . Higher SCD-1 activity can be due to higher insulin levels since insulin is known to upregulate SCD-1 transcription (Mauvoisin and Mounier, 2011) . Thus, high palmitic acid in iWAT and low linoleic acid in liver-TG and iWAT may reflect higher insulin resistance in the 5-wk-old BPA-exposed male rat offspring. In addition to BPA being a suggested metabolismdisrupting chemical, it has also been put forward as a diabetogenic substance. Most of the conducted cross-sectional studies have reported positive associations between BPA levels in urine and hyperinsulinemia, insulin resistance and incidence of T2D (Bertoli et al., 2015; Beydoun et al., 2014) . Several animal studies have concomitantly reported induced hyperinsulinemia, glucose intolerance, insulin resistance and diabetes following BPA-exposure (Alonso-Magdalena et al., 2006; García-Arevalo et al., 2014; Batista et al., 2012; Moon et al., 2015) . One study reported that a low dose of BPA (10 µg/kg/day), but not high (100 µg/kg/day), caused insulin resistance, which was associated with decreased glucose tolerance and increased plasma insulin in pregnant mice. As a result, this developmental exposure affected male offspring by inducing decreased glucose tolerance, increased insulin resistance and altered blood parameters at 6 months of age (Alonso-Magdalena et al., 2010) . Examples of suggested mechanisms whereby BPA may induce insulin resistance are oxidative stress on β-cells (Song et al., 2012) , defects in phosphorylation of both the insulin receptor and Akt (Batista et al., 2012) , or via activation of estrogen receptors (ERs). ERα increases pancreatic β-cell insulin gene expression and subsequently insulin levels (Alonso-Magdalena et al., 2008) , whereas ERβ blocks K ATP channels, which causes a rapid increase in insulin release (Soriano et al., 2012) .
SCD is regulated in parallel with DNL (Chong et al., 2008) , which corresponds well in the present study since the lipogenic index (estimation of DNL) was increased together with SDC-16 in iWAT of BPAexposed male rat offspring. The lipogenic index was also increased in liver-TG in these animals, whereas only a non-significant trend was seen for SCD-16 (p = 0.09). DNL is the metabolic pathway that synthesizes FAs from excess sugars, and dysregulation of this enzyme is often reported in metabolic disorders, such as non-alcoholic fatty liver disease (NAFLD) and insulin resistance (Schwarz et al., 2003; Donnelly et al., 2005) . D5D and D6D are key enzymes that catalyze the rate-limiting steps in the conversion of linoleic acid and α-linolenic acid (18:3n-3) into long-chain n-6 and n-3 PUFAs. In the present study, the FA index 18:3n-6/18:2n-6 (estimated D6D activity) was increased and the FA index 20:4n-6/20:3n-6 (estimated D5D activity) remained unaltered in male offspring following BPA exposure. Several studies have investigated associations between desaturase activity and insulin resistance and diabetes risk and found D6D activity to be directly associated, and D5D to be inversely associated, with increased risk (Bjermo and Riserus, 2010; Warensjo et al., 2006) . The causality of these findings has been further confirmed in a prospective investigation of the association of the estimated D5D and D6D activity and diabetes incidence by using a Mendelian randomization approach (Kroger et al., 2011) .
The changes in FA desaturase indices and FA composition observed in the present study are not seen in parallel with increased BW or higher infiltration of liver fat in 5-wk-old male rat offspring. One explanation for this may be that a dietary challenge is needed in combination with BPA exposure to provoke such changes. A previous study from our group demonstrated that BPA exposure in combination with fructose, but not fructose alone, induces fat infiltration in juvenile rats (Ronn et al., 2013 ). Yet another study have reported that developmental exposure to BPA exacerbates high-fat diet-induced hepatic steatosis in male offspring (Strakovsky et al., 2015) . With the developmental origins of health and disease (DOHaD) hypothesis in mind, one could postulate that the altered FAs seen in the 5-wk-old male offspring would result in increased BW and liver fat infiltration in adult rats, but no such differences could be seen. Instead, we observed that only 52-wk-old female offspring had slightly increased BW, and no effects were observed regarding FAs or liver fat infiltration. Other studies have also reported that BPA exposure led to consistent increase in BW in female but not male offspring (Rubin et al., 2001; Rubin and Soto, 2009) .
The alterations observed in the present study regarding FAs may appear quite small and the relevance regarding whether these alterations can result in a pathological metabolic phenotype may therefore be discussed. However, a series of previous cross-sectional, interventional and prospective studies have shown that even small alterations in the FA profile could well translate into metabolic changes and subsequently significantly higher risk of developing metabolic diseases, such as T2D, MetS, obesity and CVD (Riserus et al., 2009; Warensjo et al., 2005 Warensjo et al., , 2006 Warensjö et al., 2009; Cedernaes et al., 2013a Cedernaes et al., , 2013b Rosqvist et al., 2017; Alsharari et al., 2017a Alsharari et al., , 2017b . In humans, it has for example been shown that for each standard deviation increase of SCD-1 activity in plasma lipids, the risk of becoming overweight increases by as much as 60% (Warensjo et al., 2006 ).
As we have previously shown, males and females exhibited differential susceptibility to exposure to different doses of BPA (Lejonklou et al., 2017) . Several factors might contribute to differences in the effects of BPA between males and females, including hormonal differences, genetic differences in xenobiotic metabolism, and sex-specific placental responses to environmental factors such as EDCs (Babelova et al., 2015; Gabory et al., 2013; Richter et al., 2007) . In the present study, all significant effects on FAs in 5-wk-old rat offspring were observed in males only. A disrupted FA profile in males but not females might be partly due to sex-specific differences in SCD-1 activity, but also due to tissue specific factors. In humans, for example, women seem to have higher levels of SCD-1 and lower levels of Δ-6-desaturase activities than men, thus suggesting a potential sex dependent effect (Warensjo et al., 2006) . In addition, ovarian hormones appear to be involved with MUFA biosynthesis in a complex manner. For example, rats treated with 17β-estradiol and 17β-estradiol plus progesterone have increased palmitic acid, palmitoleic acid, stearic acid and oleic acid in hepatic and plasma phospholipids (Marks et al., 2013) . Further, all significant effects on FAs in 5-wk-old male offspring were exclusively observed in the lowest BPA exposure group [BPA0.5]. Numerous previous studies have reported effects of exposure to low, but not high, doses of BPA on various outcomes, such as increased inflammation, adiposity, insulin resistance and adverse effects on fertility and neurodevelopment (Alonso-Magdalena et al., 2010; Angle et al., 2013; Hass et al., 2016; Yang et al., 2016) . Concomitantly, results from in vitro studies clearly affirm that there is indeed strong evidence for non-monotonic dose response curves for BPA (Vandenberg, 2014) .
BPA may exert metabolic disrupting effects through many different pathways, including by its activation of nuclear and membrane ERs, the G-coupled protein receptor (GPER), the androgen receptor and the peroxisome proliferator-activated receptor-γ (PPARγ), as well as by interfering with thyroid hormone pathways (Vandenberg et al., 2009; Ahmed and Atlas, 2016) . It is highly likely that complex interactions between multiple signaling systems that vary in a cell type-specific manner are involved in the induction of effects from BPA exposure (MacKay and Abizaid, 2017) . Antagonizing estrogens and/or androgens, or the mimicking of them by BPA, may alter metabolism and the pattern of synthesis of natural hormones involved in for example regulation of appetite and hunger, as well as modifying receptor levels.
Fetal exposure to BPA in mice has for example proven to affect food intake during puberty and in adulthood, as well as leptin and insulin levels (Angle et al., 2013) , which, together with other hormones, growth factors and neurotransmitters, control pathways in the brain that regulate food reward mechanisms and food cravings. This derangement of the homeostatic control system may in turn result in common metabolism-related pathologies (as reviewed in ).
Conclusions
In 5-wk-old male rat offspring developmentally exposed to 0.5 µg/ kg BW/day of BPA indices of SCD-1 activity were increased together with higher palmitic acid and lower linoleic acid levels, suggesting disordered FA metabolism similar to that previously linked to insulin resistance. These aforementioned results, together with observed additional altered FA composition in 5-wk-old male offspring, and increased BW seen in 52-wk-old female offspring, adds to previously published data demonstrating that BPA can act as a metabolism disrupting chemical.
